Background and aims The olive root endophyte Pseudomonas fluorescens PICF7 is an effective biocontrol agent of Verticillium wilt of olive (VWO). Colonization of olive roots either by strain PICF7 or by Verticillium dahliae triggers differential systemic transcriptomic responses, many of them related with defense-related genes. The aims were to develop an olive split-root system for assessing VWO development and biocontrol effectiveness of strain PICF7 in plants with a divided root architecture, and for evaluating systemic defense responses during this tripartite interaction when strain PICF7 and V. dahliae are spatially separated. Methods An olive split-root system was generated and disease development, biocontrol effectiveness and systemic genetic responses in these plants upon strain PICF7 and V. dahliae colonization were compared to those reported and observed in olive plants grown under standard conditions (single pots). Specific defenserelated genes, previously identified during PICF7-and/ or V. dahliae-olive root interactions were selected and their expression patterns assessed in above-ground tissues by real-time qPCR analyses. Results Symptoms of VWO developed similarly both in split-root and single-root plants. However, even though PICF7 triggered systemic defense responses in aerial tissues prior to the infection by V. dahliae, effective biocontrol was not observed under these experimental conditions. While most of studied genes showed similar expression patterns along time in both systems (i.e. split root and single pot), some of them (e.g. the caffeoyl-Omethyltransferase coding gene) varied depending on whether strain PICF7 and V. dahliae were spatially separated or shared the same compartment. Conclusions A successful split-root system was generated to investigate genetic events taking place during the tripartite interaction olive-V. dahliae-P. fluorescens PICF7. VWO biocontrol by strain PICF7 must rely on mechanisms other than induction of systemic resistance responses. The expression pattern of specific defensePlant Soil (2017) 417:433-452 
and biocontrol effectiveness of strain PICF7 in plants with a divided root architecture, and for evaluating systemic defense responses during this tripartite interaction when strain PICF7 and V. dahliae are spatially separated. Methods An olive split-root system was generated and disease development, biocontrol effectiveness and systemic genetic responses in these plants upon strain PICF7 and V. dahliae colonization were compared to those reported and observed in olive plants grown under standard conditions (single pots). Specific defenserelated genes, previously identified during PICF7-and/ or V. dahliae-olive root interactions were selected and their expression patterns assessed in above-ground tissues by real-time qPCR analyses. Results Symptoms of VWO developed similarly both in split-root and single-root plants. However, even though PICF7 triggered systemic defense responses in aerial tissues prior to the infection by V. dahliae, effective biocontrol was not observed under these experimental conditions. While most of studied genes showed similar expression patterns along time in both systems (i.e. split root and single pot), some of them (e.g. the caffeoyl-Omethyltransferase coding gene) varied depending on whether strain PICF7 and V. dahliae were spatially separated or shared the same compartment. Conclusions A successful split-root system was generated to investigate genetic events taking place during the tripartite interaction olive-V. dahliae-P. fluorescens PICF7. VWO biocontrol by strain PICF7 must rely on mechanisms other than induction of systemic resistance responses. The expression pattern of specific defense-Introduction Plant-microbe interactions occurring at the root/-rhizosphere level are increasingly studied since the events (molecular, genetic, etc.) taking place in this extraordinary ecological niche are crucial for aboveground tissues, influencing plant's health and productivity (Lakshmanan et al. 2014) . The positive and negative effects observed in aerial tissues can be exerted by beneficial or pathogenic components present in the soil/-root-associated microbiomes, or through their activities leading to litter decomposition, nutrients solubilization and cycling (Glick et al. 1995) , secretion of plant growth hormones (Ali et al. 2009; Mishra et al. 2009 ), antagonism of pathogens (Kloepper et al. 2004) , and induction of the plant immune system (Rudrappa et al. 2008 (Rudrappa et al. , 2010 . In nature, interactions between a single plant and individualized soil-borne microorganisms do not occur. On the contrary, complex multipartite relationships are dynamically established. These multitrophic scenarios are now increasingly investigated from holistic perspectives, although predominantly focusing on herbaceous plants (Narisawa et al. 2002; Li et al. 2011; Cwalina-Ambroziak and Nowak 2012; Gafni et al. 2015; Palazzini et al. 2016) . However, studies on plant gene expression during the interaction of the host with both biological control agents (BCA) and pathogens are still limited (Gallou et al. 2009; Mejía et al. 2014; Mayo et al. 2016; Mgbeahuruike et al. 2017) . Nowadays, it is becoming an increasingly widespread practice to add beneficial microorganisms (i.e. BCA and/or plant growth promoting rhizobacteria) to the soil to counteract the negative effects of some pathogens and to stimulate the plant growth (Bashan et al. 2013; Ciancio et al. 2016) . However, when this strategy is implemented uneven distribution leading to reduced colonization of the soil and/or the plant roots by the BCA may happen, especially in the case of woody plants with usually large radical systems. This may affect the effectiveness of the BCA, either because direct contact with the target pathogen is hampered or does not take place at all (i.e. failure of direct antibiosis or competition) or the effectiveness of defense systemic responses triggered by the BCA is attenuated.
In the present work we focus our attention on a tripartite interaction involving olive (Olea europaea L.), the beneficial root endophytic bacterium Pseudomonas fluorescens PICF7, and the soil-borne fungal pathogen Verticillium dahliae Kleb., the etiological agent of Verticillium wilt of olive (VWO). This is one of the most important biotic constraints affecting this woody crop. During the last decades VWO has alarmingly spread within the Mediterranean Basin, the region where olive is mainly cultivated. Moreover, the disease is very difficult to manage because of a number of contributing factors (Tsror 2011) , and no effective control measure is currently available when applied individually. Thus, the implementation of an integrated disease management strategy for the effective control of VWO is strongly recommended (López-Escudero and Mercado-Blanco 2011). A promising control tool within this holistic framework is the use of microorganisms showing effective biocontrol activity against V. dahliae. This holds particularly interesting when they are used as a preventive measure during the plant propagation stage at nurseries (Mercado-Blanco et al. 2004) .
Pseudomonas fluorescens PICF7 is a natural colonizer of olive roots (Martínez-García et al. 2015) , an effective in vitro antagonist against V. dahliae and an efficient BCA of VWO in nursery-produced olive plants (Mercado-Blanco et al. 2004; Prieto et al. 2009; Maldonado-González et al. 2015b) . It has been demonstrated that strain PICF7 is able to endophytically colonize olive root tissues under different experimental conditions (Prieto and Mercado-Blanco 2008; Prieto et al. 2011; Maldonado-González et al. 2015b) . Moreover, effective suppression of the disease requires the presence of the BCA at both the surface and the interior of olive roots prior to colonization by V. dahliae (Prieto et al. 2009 ). While our knowledge on PICF7 traits involved in endophytic lifestyle and biocontrol activity is still limited (Maldonado-González et al. 2015a, b) , broad changes at the transcriptomic level have been earlier identified in olive tissues (roots and stems) upon root colonization by PICF7. Indeed, the presence of this bacterium in olive root tissues induced, among others, a range of defense responses at the local level (i.e. roots), including genes related to salicylic acid (SA) (e.g. acetone cyanohydrin lyase, [ACL] ) and jasmonic acid (JA) (e.g. lipoxygenase [LOX] and transcription factor bHLH) signaling pathways, and phenylpropanoids biosynthesis (phenylalanine ammonia lyase [PAL]) (Schilirò et al. 2012) . Systemic responses are also upregulated in aerial tissues, many of them involved in plant defense responses to different stresses. For instance, genes involved in phenylpropanoids biosynthesis, JA, SA and ethylene (ET) signaling pathways (e.g. PAL, LOX-2, ACL, 1-aminocyclopropane-1-carboxylate oxidase [ACO], etc.), oxidative stress (catalase [CAT] ) and Ca 2+ metabolism implicated in systemic defensive responses were induced in above-ground organs. Besides, expression of several transcription factors (TF) related to plant defense were also upregulated (e.g. JERF, bHLH and WRKY) (Gómez-Lama Cabanás et al. 2014) .
Broad transcriptomic changes in olive aerial tissues upon root inoculation with the highly-virulent, defoliating (D) pathotype of the pathogen have also been reported. Many of the olive genes induced (e.g. calmodulin-binding family protein, ACL, or the TF GRAS1) or repressed (e.g. defensin or chloroplastic 6-phosphogluconolactonase) were involved in defense responses against diverse (a)biotic stresses, similarly to the situation observed during the interaction with strain PICF7. While most of the genetic responses observed in olive tissues were distinctive for each olivemicroorganism interaction, some of them were found to occur in both interactions (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014 . These studies have provided crucial information on genetic responses upon inoculation of olive roots with soil-borne microorganisms (either beneficial or deleterious), but so far only during dual interactions. However, there is a complete lack of knowledge on olive genetic responses when these two soil-borne microorganisms interact with their host at below ground level.
Defense-related genetic responses observed in aerial tissues upon olive root inoculation with strain PICF7 suggested that this endophytic BCA could trigger an induced systemic resistance response potentially effective against other phytopathogens. Moreover, results also showed that PICF7 was able to control infection by Botrytis cinerea De Bary. in leaves of Arabidopsis thaliana L. when the BCA was applied to the roots (Maldonado-González et al. 2015a) . In contrast, the presence of strain PICF7 in olive roots does not prevent olive knot disease caused by Pseudomonas savastanoi pv. savastanoi (Maldonado-González et al. 2013) . In view of these contradicting results the question arises whether defense responses triggered in above-ground olive tissues after root colonization by PICF7 are effective when this BCA and a given pathogen are spatially separated. Moreover, whether an induced resistancebased biocontrol mechanism, operating beyond the initially-colonized tissue, is responsible of the effective VWO control exerted by this BCA remains to be demonstrated. In this tripartite interaction, however, both microorganisms share the same ecological niche: the olive root/rhizosphere. Therefore, to demonstrate the existence of an effective defense response against V. dahliae occurring at long distances in the radical system, direct interaction between the two microorganisms must be ruled out. This can be achieved by ensuring spatial separation of the BCA and the pathogen, as demonstrated for other pathosystems (Pieterse et al. 2014) .
Split-root systems have been designed and used to confirm the involvement of induced resistance mechanisms triggered by a range of BCAs effective against different phytopathogens, although most of the available examples are for herbaceous plants (He et al. 2002; Pozo et al. 2002; Siddiqui and Shaukat 2002; Li et al. 2010; Aimé et al. 2013; Martínez-Medina et al. 2016) . The implementation of the split-root approach in woody plants is more complicated because of inherent characteristics of these plants (Cazorla and Mercado-Blanco 2016) . However, a few examples are available although those in which a split-root system has been particularly designed to study the interaction with soil-borne microorganisms in woody plants are scarce (Boukcim et al. 2006; Dry and Loveys 1999; Qiang-Sheng et al. 2016; Wang et al. 2016) . In olive, a split-root system was used to evaluate different water regimes in cultivars Picholine Marocaine and Picholine Languedoc (Aganchich et al. 2007 ), Chetoui (Dbara et al. 2016) and Picual (García-Tejera et al. 2017) .
Considering the previous information and premises, the objectives of this study were: (i) to develop an olive split-root system to assess effectiveness of aboveground defense responses in olive upon PICF7 root colonization when this BCA and V. dahliae are spatially separated, (ii) to evaluate whether VWO symptoms develop in this system and whether PICF7 is able to control V. dahliae when both microorganisms are spatially separated and sequentially applied, (iii) to assess whether systemic responses triggered are similar regardless of whether or not both microorganisms are separated in the olive rhizosphere, and (iv) to check whether V. dahliae is able to move from inoculated to non-inoculated root compartments, firstly acropetally and then basipetally. We aimed to test the hypothesis that an induced resistance response is involved in the effective VWO biocontrol exerted by strain PICF7.
Materials and methods
Production of olive cuttings to set up a split-root study system Olive plant material was collected from healthy trees in a forty-year-old olive orchard located at Aguilar de la Frontera (Córdoba province, Southern Spain) and planted with cultivar Picual (highly susceptible to V. dahliae) (López-Escudero and Mercado-Blanco 2011). Four V. dahliae-free olive trees were eventually selected in the orchard to collect plant material for further propagation. In these trees, five stems were collected at random from the canopy for assessing the absence of natural infections of the pathogen by PCR analysis (Mercado-Blanco et al. 2003 ) Additionally, V. dahliae was not detected in samples from the soil of the orchard that were examined by the wet sieving method (Huisman and Ashworth 1974) and culturing on a semi-selective modified sodium pectate agar (Butterfield and Devay 1977) . For this, an area of 400 m 2 from where selected trees originated was analyzed. One 200 g soil sample was taken from the upper 20 cm along the tree rows at 30 cm from the trunk of trees with a cylindrical (3.5 cm × 22 cm) auger. Thereafter, collected sub-samples (a total of 25) were bulked, crumbled, and mixed. Young sprouts (60-cm long, approximately 1-cm wide), growing from the base of the main trunk of the selected olives trees were collected and preserved at 4°C. Then, cuttings (15-cm long) were obtained by producing a longitudinal incision (approximately 5-cm deep, 2.5-mm wide) with a professional saw (Metabo BAS 260 Swift Band, Herramientas Metabo, S.A., Boadilla del Monte, Madrid, Spain). Since no information on the rooting success rate was available for this material, a fair number of cuttings (>200) were initially prepared for propagation. Cuttings were rooted according to the technique of soft-wood under mist conditions (Caballero and Del Río 2010) . First, cuttings were dipped by the incision end in a 40% (v/v) ethanol solution containing indol-3-butyric acid (4 g/l) during 5 s. Each part of the cleft cutting was then inserted (up to 4-cm deep) into two adjacent plastic pots (Fig. 1a) containing 40% peat, 60% silt, and a slow-release fertilizer ), Arista Life Science, Dusselfdorf, Germany). These paired pots will eventually harbor two independent radical systems developed separately from each part of the cleft cutting. Double pots were maintained at 20-25°C in a controlled chamber, with 90% of relative humidity provided by intermittent mist (Fig. 1b) . After two months, rooted double cuttings were transferred to benches in a greenhouse, and grown for 45 days under natural lighting until shoots produced around 50 pairs of leaves. Prior to PICF7 treatment, plants were acclimated for 3 weeks in the greenhouse where the experiment was performed. By this time, plants were ready for inoculation (root dipping) (Fig. 1c) . For each treatment (see below) five healthy plants with well-developed foliage were selected for the time-course of gene expression experiment, and 15 additional plants to assess VWO progress.
Inoculation strategy of Pseudomonas fluorescens PICF7 and Verticillium dahliae D pathotype in the split-root system Five treatments were included in the split-root study system ( Fig. 2 ): T1) true control treatment; that is, plants non-manipulated at all; T2) plant manipulation control treatment; that is, radical systems developed in each compartment were dipped in 10 mM SO 4 Mg·7 H 2 O (15 min) or sterile distilled water (30 min) at the time each microbial inoculation (the BCA and/or the pathogen) was performed (see below); T3) BCA control treatment (plants inoculated only with strain PICF7); that is, roots of one compartment were dipped in a suspension of PICF7 cells and the roots of the other compartment in sterile distilled water; T4) Disease control treatment (plants inoculated only with V. dahliae); that is, roots of one compartment were dipped in 10 mM SO 4 Mg·7 H 2 O and roots of the other compartment in a conidia suspension of V. dahliae; and T5) Plants inoculated with the BCA and the pathogen; that is, the radical system of one compartment was first dipped in a suspension of strain PICF7 cells, and seven days later the roots of the other compartment in a conidia suspension of V. dahliae.
Plants used in the split-root system were inoculated with P. fluorescens PICF7 and/or V. dahliae as previously described (Prieto and Mercado-Blanco 2008; Schilirò et al. 2012) . The inoculation strategy of the BCA and the pathogen was as follows. Firstly, roots developed in one of the compartments (treatments T3 and T5) were carefully uprooted from the original substrate, thoroughly washed in tap water without intentional wounding (Fig. 1d) , and dipped in a suspension of PICF7 cells (10 mM SO 4 Mg; 1·10 8 cells ml
) during 15 min. At the same time, radical systems for one of the compartments of treatments T2 and T4 were manipulated in the same way but dipped just in 10 mM SO 4 Mg·7H 2 O. Then, roots of these compartments were transplanted into polypropylene pots containing a sterile sandy substrate (Prieto and Mercado-Blanco 2008) . Plants were maintained in a controlled growth chamber (23 ± 1°C, 60-90% relative humidity, 14-h photoperiod of fluorescent light at 360μE m −2 ) until pathogen inoculation. One week later, inoculation of the other compartments with V. dahliae isolate V937I (representative of the D, highly virulent pathotype) (MaldonadoGonzález et al. 2015a, b) was carried out for treatments T4 and T5 by immersion of the roots in a conidia suspension (30 min, 1·10 7 conidia ml −1 ), as described by Mercado-Blanco et al. (2002) . Radical systems developed in the corresponding compartments of treatments T2 and T3 were dipped in water. Nonmanipulated plants (treatment T1) were used as genuine controls (no manipulation, no inoculation).
Plants were cultured under conditions indicated above during 80 days.
Olive-Pseudomonas fluorescens PICF7-Verticillium dahliae bioassay using single pots To evaluate whether some of the early-and mediumterm systemic responses triggered by strain PICF7 and PICF7/V. dahliae, respectively, followed the same expression pattern when the BCA and the pathogen share the same ecological niche (i.e. the olive rhizosphere), a complementary experiment in which P. fluorescens PICF7 and V. dahliae were inoculated in the same pot was carried out. The microorganisms were applied in the same temporal sequence (i.e. first the BCA and 7 days later the pathogen). The standard bioassay routinely performed in our group was conducted (i.e. Prieto et al. 2009; Maldonado-González et al. 2015b ) but with minor modifications. Briefly, five-month-old, nurseryproduced potted 'Picual' plants were used and three treatments were included: i) Control plants (non-manipulated, non-inoculated), ii) strain PICF7-inoculated plants, and iii) PICF7-and V. dahliae-inoculated plants. PICF7 suspension cells and V. dahliae conidia inoculum were prepared as described above. In this case, however, inoculation was performed by adding 150 ml per pot, first with a PICF7 cells suspension and seven plant grown in the split-root system at the time first inoculation was performed; d Representative radical system developed in one of the compartments in the split-root system after washing and prior to inoculation. Plants must show similar radical systems in each compartment (i.e. good development, enough biomass) before each inoculation, otherwise they were discarded days later with a V. dahliae conidia suspension. Control plants were watered with the same volume of 10 mM SO 4 Mg·7H 2 O and sterile distilled water.
Assessment of Verticillium wilt of olive progress
To evaluate VWO progress in inoculated plants, disease was assessed twice a week over a period of 73 days severity using a 0 to 16 rating scale. This scale estimated percentage of affected tissue using four main categories or quarters (≤25, 26-50, 51-75, and 76-100%) with four values per each category. Thus, each scale value represents the number of sixteenths of affected plant area. The scale values (X) were linearly related to the percentage of affected tissue (Y) by the equation: Y = 6.25X -3.125 (Varo et al. 2017) . The relative area under the disease progress curve (RAUDPC) was calculated from the disease severity values by the trapezoidal integration method (Campbell and Madden 1990) after 80 days of PICF7 inoculation (73 days after V. dahliae inoculation) for SO 4 Mg/V. dahliae and PICF7/V. dahliae inoculated plants (treatments T4 and T5, respectively) . RAUDPC data of treatments were analyzed using ANOVA and significant differences among means were compared using the Fisher's Least Significant Difference (LSD) test (P < 0.05). ANOVA were performed with Statistix 9.0 (Statistix for Windows Manual. 1985 . Analytical Software. Version 9.0, Tallahasse FL, 2008 . In addition, the disease incidence or percentage of symptomatic plants and percentage of dead plants were recorded to assess the intensity of the reactions (López-Escudero et al. 2004) . In planta molecular detection of Verticillium dahliae
In order to check effective infection by V. dahliae in the root compartments where the pathogen was inoculated, as well as to assess either accidental (i.e. cross contamination) or active (i.e. effective movement of V. dahliae throughout the vascular system of the plant) transfer of the fungus to the adjacent compartment in the split-root system, root samples were examined for the presence of V. dahliae DNA by qualitative real time PCR assays. Roots sampled from both compartments of six ad hoc selected plants (three of them showing severe VWO symptoms and three only displaying moderate/null disease symptoms) were collected at the end of the experiment, 73 days after inoculation (DAI) with the pathogen. Plants were uprooted from the pots, their roots washed under tap water to remove soil particles, lyophilized and ground to a fine powder in 2-ml tubes with glass beads using a MM 301 mixer mill (Retsch GmbH, Haan, Germany). DNA was extracted from ground roots using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA purity and concentration were determined by using a ND-1000 Spectrophotometer (NanoDrop Thermo Fisher Scientific Technologies, Wilmington, DE, U SA) and Qubit ® 2.0 Fluorometer (Invitrogen, UK) and DNA solutions were stored at −20°C until used. PCR experiments and analyses were done in a thermal cycler iQ5 Real-Time PCR System (BioRad, Hercules, CA, USA) and PCR reactions were performed containing 25 ng of DNA, 0.1 μM of V. dahliae specific primers DB19 (Carder et al. 1994 ) and espDEF01 (Mercado-Blanco et al. 2003) , 2× iQ™ SYBR Green Supermix (BioRad) and H 2 O up to a total volume of 20 μL. PCR protocol was: a denaturation step for 4 min at 95°C, followed by 50 cycles of 1 min at 94°C, 45 s at 59°C and 45 s at 72°C and a final extension step of 10 min at 72°C. Melting curves of products were assessed from 59°C to 100°C with a 0.5°C transition rate every 10s with an initial denaturation step of 5 min at 95°C to confirm the presence of single PCR amplicons. For each root compartment, presence of V. dahliae DNA was verified twice in independent experiments, and three replicates per plate were included. mRNA purification and time-course expression of selected olive genes by real-time qPCR
The olive tissue sampling strategy was as follows. For plants used in the split-root experiment, above-ground tissues (leaves) were sampled at different DAI either with strain PICF7 or V. dahliae. Thus, aerial tissues from treatment T2 (manipulated control plants) and T3 (PICF7 control plants) were sampled at 1, 7, 8 and 14 DAI. T4 (V. dahliae control plants) and T5 (doubleinoculated plants) were collected at 7, 8 and 14 DAI. Each sample (treatment/time-point) consisted of a pool of leaves collected from five different plants for each treatment. Moreover, two different pools were collected for each treatment/time-point (i.e. two biological replicates).
For plants used in the single-pot experiment, leaves were collected as follows: i) Non-manipulated control plants were sampled at the beginning of the assays (day 0), ii) samples from PICF7 control plants were collected at 1 DAI, and iii) leaves from PICF7/V. dahliae inoculated plants were collected at 7 DAI with the pathogen (i.e. 14 DAI with strain PICF7). Two biological replicates were also collected, consisting of pool of leaves from two different plants for each treatment/time-points.
Isolation of total RNA from each sample was performed using easyBLUE™ (iNtRON Biotechnology Inc., Sangdaewon-Dong, South Korea), following the manufacturer's protocol for plant tissues. Genomic DNA in samples was removed by DNaseI treatment (Roche Applied Science, Mannheim, Germany) according to the manufacturer's recommendations. Purity and quality of RNA samples were checked by agarose gel electrophoresis, spectrophotometry using a ND-1000 Spectrophotometer (NanoDrop Thermo Fisher Scientific Technologies, Wilmington, DE, USA) and Qubit ® 2.0 Fluorometer (Invitrogen, UK).
Selection of olive genes for time-course expression analysis was done based on our previous results from the PICF7-olive (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014 ) and V. dahliae-olive (Gómez-Lama Cabanás et al. 2015) interactions. Seven genes related to defense responses (Table 1) were thus selected to examine their expression pattern within a 14-day interval in plants used in the split-root system: PAL, 14-3-3 and brassinosteroid up-regulated gene (BRU1) (up-regulated in olive roots and stems [PAL] , stems [14-3-3] and roots [BRU1] during the interaction with strain PICF7), CAT (up-regulated in olive roots and stems For all transcripts, RE analysis was repeated at least two times in independent real-time qPCR experiments (see text and Fig. 4 ). Gene names, processes, linear equations, correlation coefficients (R 2 ) and PCR efficiencies are indicated
Fw forward, Rv reverse during the interaction with PICF7 but down-regulated in olive stems upon V. dahliae inoculation), caffeoyl-Omethyltransferase (CO-MT, up-regulated in olive roots inoculated with PICF7 and in olive stems upon V. dahliae olive roots inoculation), WRKY2 transcription factor (WRKY2, down-regulated in olive stems during the V. dahliae-olive interaction) and ACO (down-regulated in stems during the V. dahliae-olive interaction but upregulated during PICF7-olive interaction) (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014 . Four of these genes (14-3-3, ACO, WRKY and CO-MT) were chosen for their evaluation in plants used in the singlepot experiment at one DAI with strain PICF7, for assessing early-term responses against BCA colonization, and at seven DAI with V. dahliae (i.e. 14 DAI with PICF7), for comparing medium-term responses.
The "CLC Main Workbench 6.8.1" (CLC bio, Aarhus, Denmark) software was used to design specific primer pairs for WRKY2, 14-3-3 and BRU1 olive gene sequences (accession numbers JZ844803, AAY67798 and ACJ85040, respectively) deposited in Genbank database from EST libraries previously identified (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014) (Table 1) . Performance of these primer pairs was empirically tested by conventional PCR (temperature range 53°-63°C). Primer pair sequences for CO-MT, PAL, CAT and ACO olive genes have been previously reported (Gómez-Lama Cabanás et al. 2014) ( Table 1) . To determine the range of concentrations at which target cDNA and cycle thresholds (Ct) values were linearly correlated and to estimate PCR efficiencies, specific real-time qPCR assays were conducted using cDNAs synthesized from 10-fold serially diluted (1 μg, 100 ng, 10 ng, 1 ng, 100 pg) RNA samples. Standard curves were generated for each selected transcript using reverse transcribed cDNA from serial dilutions (20 ng, 2 ng, 200 pg and 20 pg). Synthesis of cDNA was performed from 100 ng of total RNA of PrimeScript™ RT Master Mix (Takara, Kyoto, Japan) following the manufacturer's instructions. Real-time qPCR experiments and analyses were performed in a thermal cycler iQ5 Real-Time PCR System (BioRad) equipped with a 96-well sample block. Relative expression for each studied gene was repeated at least once for each biological replicate (i.e. different olive above-ground tissue pools) in independent Real-time qPCR assays (plates), and three technical replicates per sample and per plate were routinely included. All real-time qPCR experiments were carried out containing 2 μL of cDNA, 0.5 mM of each primer, and 10 μL of SYBR® Green Supermix (BioRad) and dH 2 O up to a total volume of 20 μL. The following thermal cycling profile was used for all PCR reactions: 94°C for 5 min, 50 cycles of 94°C for 30 s, 55°C for 30 s (except for gene BRU1, 58°C) and 72°C for 40 s. Linear equations, correlation coefficients (R 2 ) and PCR efficiencies were calculated in all cases (Table 1) . Melting curves of real-time qPCR products were assessed from 55°C to 95°C to verify specificity of the reactions, under the following conditions: initial denaturation for 5 min at 95°C, cooling to 55°C and melting from 55°C to 95°C with a 0.5°C transition rate every 10 s. Data resulting from real-time qPCR were normalized to the O. europaea 60S-RBP L18-3 gene (coding for 60S ribosomal protein L18-3) (Ray and Johnson 2014) . Ct values and the logarithm of cDNA concentrations were linearly correlated for each of the examined genes and PCR efficiencies were calculated by iQ5 optical system software v.2.1 (BioRad, Hercules, CA). Relative expression (RE) level values (log2-fold-change values) were calculated according to the 2 −ΔΔCt method Livak and Schmittgen (2001) . The average of each expression gene fold change was categorized as follows: "low" ≥ −1.0 to ≤1.0; "medium" ≥ −2.0 to < −1.0 or >1.0 to ≤2.0; and "high," < −2.0 or >2.0 (Kim et al. 2008 ). All RE data within a 14-day interval for each gene were graphically represented as means ± STD of at least two separate experiments, each performed with triplicate samples. Paired sample T-test was performed to determine whether there were significant differences between average values of each relative gene expression in independent experiments (plates), and between treatments at each time-point studied. Paired T-test analysis was performed using the Statistix software (Version 10 for Windows).
Results

Production of olive cuttings for the split-root study system
The process here developed for producing olive plants with split-root systems was complex but successful. A high-moderate percentage in rooting rate (62%) at both sides of the cleft cutting was achieved. Throughout the whole process of plant production, 17% of cuttings eventually did not root at all. In some of these plants, production of small shoots, likely arising from the reserves present in the stem cutting, was observed. However, they became wilted and necrotic in a few weeks. Finally, a single-root system formed only at one of the two sides of the cleft was observed in 21% of the plants. In some of these cases, rooting failure was likely due to clefts performed in an offcenter manner. The lack of the radical system in one of the compartments of the cutting was confirmed by removing the substrate of the pot. Plants in which radical system was formed at both sides showed a normal vegetative growth and produced healthy shoots. Prior to the inoculation procedure, direct observation in a sub-sample of plants, by carefully removing the substrate of the two pots, proved that roots were indeed properly developed at both sides of the cutting (Fig. 1d) . In addition, the plants were robust and mechanically stable, what facilitated their handling during inoculation. None of the plants showed damage symptoms as the result of the two-step inoculation process.
Verticillium wilt of olive development in the split-root study system
As expected, no VWO symptoms were observed in nonmanipulated control plants (T1), manipulated control plants (T2) and plants inoculated only with strain PICF7 (T3). The disease, however, developed in V. dahliae-inoculated plants although average values of final symptom severity were not very high, neither for T4 (average disease severity 3.2) nor for T5 (3.68) treatments. No plant died at the end of the experiment, and disease severity was always lower than 12 (0-16 symptoms severity scale; data not shown). Analysis of variance (ANOVA) showed no significant differences (P > 0.05) in RAUDPC between SO 4 Mg/V. dahliae (treatment T4) and PICF7/V. dahliae (treatment T5) (mean values 9.403 and 11.104, respectively) plants. Therefore, no effective biocontrol of VWO was observed under experimental conditions used here, although final disease incidence was slightly higher in T4 (86.7%) than in T5 (73.3%) plants. Remarkably, a frequently-observed phenomenon in VWO affected plants was that defoliation mostly occurred on stems located close to the compartment where the pathogen was inoculated (Fig. 3) .
Verticillium dahliae does not translocate between root compartments
Qualitative real-time PCR assays demonstrated the presence of pathogen DNA in all root samples from compartments inoculated with V. dahliae (73 DAI with the pathogen), regardless of whether plants ad hoc selected for molecular detection analysis from treatments T4 and T5 showed severe (severity values 11, 10 and 6) or moderate (1, 2 and 3) VWO symptoms (data not shown). On the contrary, roots sampled from compartments non-inoculated with the pathogen always yielded negative results (data not shown). These results confirmed the absence of accidental cross contamination events between adjacent compartments in the split-root system. Furthermore, active movement of V. dahliae throughout the plant vascular system from the pathogen-inoculated compartment to the non-inoculated, adjacent one can be ruled out.
Gene expression patterns of ACO, CO-MT, WRKY2, 14-3-3, BRU1, PAL and CAT genes in 'Picual' plants grown in a split-root system Relative expression patterns of selected genes involved in defense responses during the tripartite interaction were assessed at 1, 7, 8 and 14 DAI with PICF7 under three different situations: PICF7/H 2 O (treatment T3), SO 4 Mg/V. dahliae (T4) and PICF7/V. dahliae (T5). The parameters of these real-time qPCR experiments are shown in Table 1 . Results from RE for each gene/situation are shown in Fig. 4 . Data collected from these experiments allowed us to confirm that systemic defense responses are triggered in aerial olive tissues upon root colonization by strain PICF7 and V. dahliae in plants grown in a split-root system, as previously reported for olive plants grown under standard conditions (i.e. single pot) during dual interactions (i.e. olive/PICF7 and olive/V. dahliae). Overall, results from time-course gene expression analysis showed a consistent trend for each gene, treatment and time-point evaluated (Fig. 4) . However, results from each biological replicate tested (i.e. two different pools of leaves sampled from five plants) occasionally showed variable RE levels resulting in some cases in large STD values (Fig. 4) . No significant difference (P > 0.05) between experiments was found except for the PAL gene (P = 0.0319). The vast majority of RE fold changes were assigned to medium (> +1.0 to ≤ + 2.0 or < − 1.0 to ≥ − 2.0) or low (≥ − 1.0 to ≤ + 1.0 or ≤1.0 to ≥ − 1.0) categories of differential expression. Differential responses were found depending on the tested gene. Thus, the expression pattern of some genes was not affected independently of the microbial input (e.g. 14-3-3 gene). Some showed opposite expression patterns related to the time PICF7 or V. dahliae were inoculated (e.g. the TF WRKY2). Finally, others only responded upon the presence of the pathogen (e.g. BRU1 and CO-MT genes).
Complete results concerning RE of all tested genes are shown in Fig. 4 (and in Table 3 and in Supplementary  Table 1 ). Some of the most interesting observations are now summarized. For instance, when PICF7 is the only microorganism introduced in the split-root system, no significant variation was observed in the RE of BRU1 gene, its expression remaining virtually unaltered along the time interval analyzed (Fig. 4 ; PICF7/H 2 O treatment). However, a strong up-regulation was observed at 1 DAI with V. dahliae, independently of whether the pathogen was the only microorganism introduced in the system ( Fig. 4 ; SO 4 Mg/V.d treatment) or the BCA was already present in the adjacent compartment ( Fig. 4 ; PICF7/V.d treatment). Nevertheless, the up-regulation of BRU1 was transient, returning to normal RE levels 14 DAI with PICF7 (i.e. 7 DAI with V. dahliae) (Fig. 4) . Changes were also observed in the RE of CO-MT gene ( Fig. 4 ; PICF7/H 2 O treatment); that is, a shift from moderate up-regulation at 1 and 7 DAI to downregulation from 8 to 14 DAI with PICF7. In this case, introduction of the pathogen in the system caused a constant medium-level up-regulation regardless of whether or not the BCA was present ( Fig. 4 ; PICF7/ V.d and SO 4 Mg/V.d treatments). PICF7 inoculation led to a down-regulation in the RE of CAT gene from 7 to 14 DAI ( Fig. 4 ; PICF7/H 2 O treatment). Conversely, the presence of V. dahliae transiently induced the RE of CAT gene at medium-level ( Fig. 4 ; SO 4 Mg/V.d treatment), an up-regulation that was attenuated by the early presence of PICF7 ( Fig. 4 ; PICF7/V.d treatment). Increasing down-regulation of the ACO gene was observed from 7 to 14 DAI with PICF7 ( Fig. 4 ; PICF7/ H 2 O treatment) whereas no significant variation was observed when V. dahliae was inoculated in control plants ( Fig. 4 ; SO 4 Mg/V.d treatment). Interestingly, one DAI with V. dahliae in plants where PICF7 was already present, a medium-level up-regulation was scored ( Fig. 4 ; PICF7/V.d treatment). Finally, the RE pattern of WRKY2 gene varied depending on the time PICF7 or V. dahliae were inoculated. Indeed, a slight upregulation was observed upon immediate V. dahliae inoculation ( Fig. 4 ; SO 4 Mg/V.d treatment). However, when both microorganisms are introduced in the system ( Fig. 4 ; PICF7/V.d treatment) a pronounced downregulation when PICF7 was already present was evidenced ( Fig. 4 ; PICF7/H 2 O treatment).
Gene expression patterns of selected defense response genes in olive cv. Picual grown under standard conditions
In order to assess whether the expression pattern of defense-related genes in above-ground tissues differs between olive plants grown under split-root (i.e. no direct contact between the BCA and the pathogen) and standard conditions (i.e. both microorganisms coexisting in the root/rhizosphere), a real-time qPCR time-course study was carried out. In this case, four genes representative of the different expression patterns observed in the split-root experiment (namely, ACO, CO-MT, WRKY2 and 14-3-3) were selected for evaluation in 'Picual' plants growing under standard conditions (single pot). The parameters of these PCR experiments are shown in Table 2 . The RE averages for each gene at different time-point/treatment situations evaluated are indicated in Table 3 . The most relevant observations are now summarized. Unlike in the split-root system, the RE of ACO gene showed up-regulation 1 DAI with PICF7 (Table 3 ; PICF7 treatment). After seven days of PICF7 and V. dahliae coexistence (Table 3 ; PICF7/V.d treatment), a slight downregulation of the ACO gene was observed. The RE of the 14-3-3 gene did not show major differences for the two growing systems. Up-regulation of the WRKY2 gene was observed in both treatments and time points (Table 3 ; PICF7 and PCF7/V.d), although to a lower extent than that observed in the split-root system. Finally, the most relevant difference found between both systems was that observed for the CO-MT gene. While this gene showed as slightly up-regulated at 1 DAI with the BCA in both situations (Table 3 ; PICF7 treatment), opposite RE patterns depending on the growing system were observed upon prolonged presence of V. dahliae (i.e. 7 DAI with the pathogen; Table 3 ; PICF7/V.d treatment). Indeed, this gene was repressed in the single-pot system but clearly induced when the BCA and the pathogen where spatially separated.
Discussion
Plants do not live as hermetic compartments but as systems in which complex interactions are dynamically established with their associated microbiomes which include both pathogenic and beneficial organisms. The use of beneficial microorganisms is gaining attention as an alternative and sustainable practice to control phytopathogens. However, our current information on how BCAs exert their beneficial effects under natural conditions (i.e. mechanisms involved) against deleterious agents, and what responses are triggered in the target host as consequence of the multipartite interactions that can be established are still limited. This situation is even more complex in an ecological niche such as the rhizosphere. One of the possible mechanisms deployed by BCA is the induction of resistance and/or defense responses in the host which can be effective against a range of pathogens at long distances (e.g. ISR and SAR responses). Alternatively, mechanisms such as antibiosis and/or competition for nutrients and niches are operative as well. These mechanisms are not mutually exclusive, and a BCA can exert their beneficial effects by a combination of them. Moreover, these mechanisms can be influenced by different (a)biotic factors present in the ecological niche where they are deployed, modifying their performance and effectiveness along time and space.
Our previous works have shown that the olive root endophyte P. fluorescens PICF7 is an effective BCA against VWO (Prieto et al. 2009; Maldonado-González et al. 2015b ). Colonization of olive roots by PICF7 triggers a set of defensive responses in olive at both local (roots) and systemic (aerial tissues) level upon root colonization (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014) . Additionally, when this BCA is applied to A. thaliana roots it is also able to control the leaf pathogen Botrytis cinerea. This result supports the idea that strain PICF7 triggers effective systemic Fig. 4 Relative expression (RE) average of seven ad hoc chosen defense response-related genes in above-ground tissues of olive (cv. Picual) plants grown in a split-root system at different time points after Pseudomonas fluorescens PICF7 and/or Verticillium dahliae V937I (V.d) inoculation in roots (see main text and Figs. 1 and 2 for details on the split-root system setup). BRU1, endotransglycosylase/xyloglucan hydrolase enzyme, CO-MT, caffeoyl-o-methyltransferase; 14-3-3, 14-3-3 protein; WRKY2, WRKY2 transcription factor; PAL, phenylalanine ammonia lyase; ACO, 1-aminocyclopropane-1-carboxylate oxidase; and CAT, catalase. Error bars represent the SD from at least two independent qRT-PCR experiments. RE values (log2-foldchange values) were calculated according to the 2 −ΔΔCt method (Livak and Schmittgen 2001) . Day 1: one day after PICF7 inoculation; Day 7: seven days after PICF7 inoculation; Day 8: eight days after PICF7 inoculation and one day after V. dahliae inoculation; Day 14: fourteen days after PICF7 inoculation and seven days after V. dahliae inoculation resistance against this foliar pathogen (Maldonado- González et al. 2015b ). Moreover, this may suggest that PICF7 could be an effective BCA against other olive pathogens by means of inducing resistance in the host, although additional biocontrol mechanisms (i.e. antibiosis, nutrient competition) cannot be discarded. Indeed, strain PICF7 effectively antagonized another relevant olive pathogen, Pseudomonas savastanoi NCPPB 3335 (Psv). Moreover, when both microorganisms were co-inoculated in stems, developed tumors showed an altered anatomy and pathogen cells tended to be confined in the interior of the hyperplasic tissue. However, in planta bioassays in which the pathogen and the BCA were spatially separated (PICF7 inoculated in roots and Psv in stems) showed that PICF7 was unable to hamper knots development (Maldonado-González et al. 2013 ). This suggests that systemic defense responses induced by PICF7 are not fully effective; at least against Psv.
Regarding the olive-V. dahliae interaction, defenserelated responses were also found in host aerial tissues upon root colonization by the pathogen, some of them being common to those observed during the interaction with PICF7 (Gómez-Lama Cabanás et al. 2015) . Most of the studies focused on dual interactions, either involving the host plant with the BCAs (e.g. Conn et al. 2008; Bordiec et al. 2011) or with the pathogen (e.g. Zheng et al. 2006) . In this present work, we developed a successful strategy to study a tripartite interaction involving a relevant woody species, a beneficial endophytic rhizobacterium, and a soil-borne fungal pathogen. We have particularly focused on the expression of specific genes involved in plant defense response triggered in above-ground tissues upon preventive application of the BCA. Since both microorganisms naturally share the same ecological niche (i.e. the olive rhizosphere), and in order to assess whether systemic resistance responses are involved in the biocontrol exerted by strain PICF7 against VWO, spatial separation of the BCA and the pathogen must be guaranteed. To achieve that split-root systems are extremely useful. However, the development of these study systems for woody For all transcripts, RE analysis was repeated at least two times in independent real-time qPCR experiments. Gene names, linear equations, correlation coefficients (R 2 ) and PCR efficiencies are indicated Kim et al. (2008) between the two radical systems studied are indicated in bold type plants poses difficulties because of their inherent characteristics. For olive, only a few examples are available in the literature but none of them devoted to the study of plant-microbe interactions. The process leading to obtain a fair number of plants with suitable split-root systems was time consuming and complex. On the one hand, some stem cuttings to which incisions were made failed to produce well-developed and similar radical systems in both adjacent compartments (pots), or did not produce roots at all in one of the compartments. On the other hand, not all plants developed suitable and enough foliage either for the scheduled leaf sampling process or for the VWO symptoms development assessment. Percentage of cuttings producing satisfactory root systems (around 62%) was lower than the rooting ability reported in soft-wood cuttings for cv. Picual grown under standard conditions (79.2%) (Caballero and Del Río 2010) . This fact could be due to the thickness (1 cm in diameter) of the cuttings used in this work, considerably wider than those used in standard production systems (2-3 mm; 15 cm long). In favor of using thicker cuttings, greater amount of reserves may help in further development of new tissues as well as better counteract damages provoked by incisions. It is also worth mentioning that this plant architecture likely helped to overcome damages caused by transplanting during the twostep inoculation process since no visible symptoms were observed in any of the plants. Damages during transplanting and manipulating are commonly observed when cuttings with a standard root system are used. This usually implies that young olive plants used for this type of experiments need to be protected from direct light exposure to avoid excessive stress during the first days after inoculation (Gómez-Lama Cabanás et al. 2014 ), a strategy that was not necessary to implement in our study. In fact, during inoculations of olive trees in evaluation programs of resistance to Verticillium wilt of olive, transplanting damages usually occur in percentages between 10 and 20% of plants, depending on the cultivar (López-Escudero et al. 2004; Martos-Moreno et al. 2006) . A possible explanation for this outcome is that split-root plants can much better overcome stress during manipulation since during the double inoculation procedure one of the two root compartments remained protected by the substrate. The use of the olive split-root system allowed several important observations. Firstly, the VWO epidemics in plants grown in this system developed similarly to the pattern observed when standard growing conditions are used (i.e. Mercado-Blanco et al. 2004; Prieto et al. 2009; Maldonado-González et al. 2015b ). However, severity of symptoms was moderate on average and usually affected only one half of the plant. Indeed, defoliation of green leaves (the representative symptom of infection by D isolates) was mostly observed in stems which were closer to the root compartment where V. dahliae had been inoculated (Fig. 3) . This is explained by the fact that olive plants/trees are highly sectored, showing direct vascular connection of specific roots and shoots. This explains that infection of a major root by the pathogen usually leads to severe symptoms in one part of the tree canopy while other sectors remain symptomless (Lavee 1996; Levin et al. 2003; López-Escudero and Mercado-Blanco 2011) . This phenomenon is frequently observed on trees infected under natural conditions. The use of the split-root system developed here can easily visualize and demonstrate this fact.
Secondly, V. dahliae was only detected in those compartments inoculated with the pathogen. This demonstrated that no propagule of the fungus was able to translocate to roots located in the adjacent compartment from vascular vessels of above-ground tissues, even though some of the plants analyzed showed severe VWO symptoms. Thus, there was no evidence of basipetal movement of V. dahliae propagules (i.e. conidia and hyphae) from infected aerial vascular tissues toward non-infected roots, confirming that spread of V. dahliae in olive plants always proceeded via acropetal movement from initial infection sites in the roots (Hiemstra and Harris 1998; Pegg and Brady 2002) . In addition, molecular tests also confirmed that there was no cross contamination during the bioassay conferring great solvency and robustness to the olive split-root system here developed.
A third conclusion was that no biocontrol of VWO was observed under experimental conditions used in our split-root system. That is, strain PICF7 was not effective when inoculated in sectors of the olive roots where the pathogen was not present, even though the BCA was introduced in the system seven days earlier than the pathogen, thereby providing enough advantage to PICF7 in terms of root colonization (Prieto et al. 2009 ) and triggering of defense-related responses (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014 ). These results suggested that induction of systemic defense responses in distant olive root tissues does not take place or is not involved (at least in a decisive way) in the effective biocontrol of VWO by PICF7, which is, consistently demonstrated in single-pot bioassays under a range of experimental conditions where both microorganisms share the same niche (Mercado-Blanco et al. 2004; Prieto et al. 2009; Maldonado-González et al. 2015b) . Thus, while a range of defense responses are triggered at the local and systemic level, the hypothesis that an induced resistance response is involved in the effective VWO biocontrol by strain PICF7 is not supported by our results. Alternatively, defense responses triggered by this BCA are not effective enough to control V. dahliae under experimental conditions here used. Effective VWO biocontrol by PICF7 must thus rely on other modes of action (e.g. competition for space and/or nutrients, antibiosis, etc.) and/or triggering of hostmediated defense mechanisms are only effective under specific spatial or temporal circumstances (see below).
Fourth, although PICF7 did not show effective control of VWO in plants grown in the split-root system, time-course expression of selected olive genes related to defense responses confirmed our previous results on the ability of V. dahliae and PICF7 to trigger systemic responses in above-ground olive tissues (Gómez-Lama Cabanás et al. 2014 , that were further supported by results here obtained in the single-pot experiment (Table 3) . In order to compensate for possible differences in gene expression levels among plants in the split-root experiment, pools of leaves from five different plants were collected at each time-point. This sampling strategy aimed to 'buffer' or avoid the effects that differences on root colonization ability of the BCA and/or the pathogen, or varying amounts of the pathogen within plant tissues due to the usual non-homogenous distribution of V. dahliae biomass in the plant, may cause on the gene expression patterns among sampled plants. Indeed, differences in RE patterns have occasionally been found in biological replicates (i.e. individual olive plants) in previous studies (Gómez-Lama Cabanás et al. 2014) , regardless of whether plants originated from the same propagation batch at the nursery and inoculation procedures were performed with all cautions. This sampling strategy has been also used to increase reliability of in planta V. dahliae molecular detection procedures (Karajeh and Masoud 2006; Keykhasaber et al. 2016) . Even though some of the RE patterns here obtained would require a deeper knowledge of defense responses in olive for proper explanation, the development of the olive split-root system offered for the first time the possibility to study systemic responses triggered during a tripartite interaction taking place at the belowground level. In addition, it enables to investigate the potential mode(s) of action of PICF7-mediated VWO biocontrol. Results of RE patterns showed differential responses depending on the studied gene. Thus, in the split-root system, some genes only significantly responded upon the presence of the pathogen. For instance, the olive BRU1 gene (coding for an endotransglycosylase/ xyloglucan hydrolase and regulated by brassinosteroids; Bourquin et al. 2002; Sharmin et al. 2012) could be considered as an early-term responsive gene against V. dahliae attack. Another example is the CO-MT gene, involved in the phenylpropanoids biosynthesis, with an early/medium-term response against V. dahliae. Other genes were not affected regardless of the microbial input, e.g. the 14-3-3 gene (Roberts et al. 2002; Manosalva et al. 2011) . Finally, other genes showed opposite expression patterns depending on the moment the BCA or the pathogen were inoculated. This was the case of the WRKY2 gene that belongs to a superfamily of TF playing important roles in plant growth, development and responses to (a)biotic stresses (Zheng et al. 2006; Kjellin 2012; Chi et al. 2013 ) and plant defense signaling (Pandey and Somssich 2009) .
Remarkably, some genes varied in their RE pattern depending on whether the two microorganisms were spatially separated (split-root system) or shared the same compartment (single-pot system). In this regard it is worth discussing the RE patterns of the olive CO-MT and ACO genes since RE patterns of the 14-3-3 and WRKY2 genes did not show remarkable differences. Indeed, one of the most relevant results concerned the CO-MT gene that was consistently up-regulated along time in response to pathogen inoculation under split-root conditions, regardless of whether or not the BCA was present in the adjacent compartment. However, when both microorganisms were in the same compartment (single pot) the expression of this gene was repressed (Table 3 ). This observation deserves attention since the expression of some defense-related genes may differ depending on whether soil/root-borne microorganisms share or not the same niche. The RE of the olive ACO gene also showed a variable pattern depending on whether or not the root was divided (Table 3 ). This gene codes for an enzyme responsible of ET synthesis, a plant hormone involved, among other processes, in the complex cross talk established among signaling pathways regulating plant defense responses to microbial infection. For instance, reduced ET production caused by virus-induced silencing of the ACO gene in Nicotiana benthamiana Domin affected the susceptible plant response to infection by Colletotrichum orbiculare Berk. & Mont. (Shan and Goodwin 2006) . It is tempting to speculate that negligible level of ACO gene expression scored for above-ground tissues in plants grown in the split-root system compared to that observed for single-pot plants (1 DAI with PICF7; Table 3 ) could be due to the fact that only half of the whole root system was in contact with PICF7, thereby causing lower stress to the plant. On the contrary, in plants grown in single pots, the entire root system was susceptible of being endophytically colonized by strain PICF7, a scenario potentially causing higher stress to the plant (MercadoBlanco and Lugtenberg 2014) leading to increased RE of the ACO gene. The low systemic RE of the ACO gene might explain, at least partially, the lack of VWO biocontrol observed in the split root system. However, this hypothesis will need further experimental evidence.
Conclusions
We succeeded in generating olive plants with suitable root architecture to investigate the olive-V. dahliae pathosystem. This poses novelty degree since split-root systems are not frequently developed for woody plant research. We have been able to demonstrate a normal development of VWO epidemics when the plant is attacked by the pathogen only in one section of the radical system, a scenario closer to field conditions (i.e. large root systems and uneven distribution of pathogen's propagules in the soil). Moreover, strong compartmentalization of symptoms was found, explained by the vascular connection existing between the roots inoculated with the pathogen and the stems showing symptoms located above that compartment, a situation frequently observed in naturally-infected olive trees. The split-root system here developed was also helpful for assessing above-ground genetic responses triggered by V. dahliae and an endophytic biocontrol rhizobacterium when both colonized the olive root system but are spatially separated and sequentially applied. This enabled us to study for the first time this tripartite interaction with the aim to demonstrate whether the induction of resistance responses triggered by strain PICF7 mediate biocontrol against V. dahliae when the pathogen attacks distant roots. Results obtained may also have relevant practical implications related to the way this BCA should be applied under field conditions, considering the huge radical systems developed by woody hosts such as olive. Since strain PICF7 was not able to control VWO under split-root conditions here used, its application in olive orchards (e.g. by dripping systems) must ensure coverage of most of the tree's radical system. The olive split-root system allowed us to conclude that while strain PICF7 is able to induce a range of systemic responses, many of them related to defense to different stresses, they were not effective or powerful enough to control subsequent attacks by V. dahliae occurring at other sections of the olive radical system. Consequently, VWO control by strain PICF7 must rely at least partially on mechanisms other than induction of systemic resistance responses, at least under the experimental conditions here used. Differences found in RE patterns of some olive genes depending on whether the BCA and the pathogen were spatially separated (split-root system) or not (single-root system) was also an interesting outcome. While most of the olive genes here assessed showed similar RE patterns regardless of whether strain PICF7 or V. dahliae coexist in the same portion of the olive rhizosphere, a few of them (e.g. CO-MT) showed differential RE patterns. This highlights the importance that contact between the BCA and the pathogen might have in triggering specific defense responses in the host. The significance of being spatially separated or not during this tripartite interaction to explain effective VWO biocontrol by PICF7 warrants more in-depth studies in the future.
